Fucose-containing glycoconjugates are key antigenic determinants in many biological processes. A change in expression levels of the enzymes responsible for tailoring these glycoconjugates has been associated with many pathological conditions and it is therefore surprising that little information is known regarding the mechanism of action of these important catabolic enzymes. Thermotoga maritima, a thermophilic bacterium, produces a wide range of carbohydrate processing enzymes including a 52 kDa α-L-fucosidase that has 38% sequence identity and 56% similarity to human fucosidases. The catalytic nucleophile of this enzyme was identified to be Asp224 within the peptide sequence 222 WNDMGWPEKGKEDL 235 using the mechanism-based covalent inactivator 2-deoxy-2-fluoro-α-L-fucosyl fluoride. The 10 4 fold lower activity (k cat /K M ) of the sitedirected mutant Asp224Ala, and the subsequent rescue of activity upon addition of exogenous nucleophiles, conclusively confirms this assignment. This paper presents the first identification of the catalytic nucleophile of an α-L-fucosidase, a key step in the understanding of these important enzymes.
range of 300-2200 Da with a step size of 0.5 Da and a dwell time of 1.5 ms per step. The ion source voltage (ISV) was set at 5.5 kV, and the orifice energy (OR) was 45 V. In the tandem MS daughter-ion scan mode, the spectra were obtained in a separate experiment by selectively introducing the labeled (m/z = 927.5) or unlabeled (m/z = 853) parent ion from the first quadrupole (Q1) into the collision cell (Q2) and observing the product ions in the third quadrupole (Q3). The scan range of Q3 was 50-1100; the step size was 0.5; the dwell time was 1 ms; ISV was 5 kV; OR was 45 V ; Q0 = -10; IQ2 = -48.
Metal Ion Dependence. Aliquots (100 µL) of His 6 -wild type and MBP-wild type α-Lfucosidase were placed into a mini dialysis units (Pierce) with a molecular weight cut off of 10 kDa. These units were then dialyzed against a buffer of pH 7.5, 15 mM HEPES containing 10 mM EDTA for 2 hours to remove any contaminating divalent metal ions. The dialysis buffer solution was then changed for a fresh solution and dialysis continued for a further 12 hours. The dialysis units were then dialyzed against a fresh pH 7.5, 5 mM HEPES buffer for 2 hours to remove residual EDTA. Again the buffer was changed for a fresh solution and dialysis continued for a further 12 hours. Enzyme activity of these two proteins was then assayed in the manner described below both in the presence and absence of divalent metal cations.
Enzyme Kinetics. All kinetic studies were performed in 50 mM buffer containing 145 mM sodium chloride and 0.1% bovine serum albumin. For the pH range 3.0-6.5 a sodium citrate/sodium phosphate buffer was used. Sodium phosphate buffer was used between pH 6.5 and 8.0. Kinetic measurements using the pNP-fucoside substrate and the His 6 -wild type enzyme were performed at 60 °C, the enzyme showing no loss of activity after 24 hours incubation at this temperature. Reactions involving the MBP-protein were performed at the reduced temperature of 37 °C. A total reaction volume of 800 µL was used in these assays. At pH 5.5 and above a continuous spectrophotometric assay was used to monitor the release of the p-nitrophenolate anion at 400 nm. For measurements at acidic pH the p-nitrophenol product was monitored at 360 nm. Extinction coefficients were determined for each pH point at 60 °C by the method of Kempton et al. (15) Values of k cat and K M were determined at 60 °C for the hydrolysis of pNP-fucoside by α-L-fucosidase-His 6 as a function of pH. The enzyme was found to be unstable at pH 3.0 with rapid inactivation occurring. This inactivation was assigned to enzyme denaturation since activity could not be recovered upon restoring the pH to 6.0. The pH dependence of k cat /K M shows a typical bell-shaped curve expected from the presence of two ionisable carboxylic acid residues in the enzyme active site with a pH optimum of 5.0 ( Figure 2 ).
Fitting the data to a double titration curve to yield the pK a values of these two residues in the free enzyme gave estimates of 3.8 and 6.1 (± 0.1), presumably the catalytic nucleophile and acid/base catalyst respectively. The pH dependence of k cat , which represents the ionization of the two key catalytic residues during the rate determining step of catalysis, is also seen to be a bell shaped curve with an optimum at pH 4.5 ( Figure 2 ).
The pK a values in this case are similar, being 3.4 and 5.7 (± 0.1), although the acidic limb of this profile is not well defined due to the limited stability of the enzyme at low pH.
α-L-Fucosyl fluoride was also investigated as a substrate, these assays being performed at 25 °C due to the significant spontaneous hydrolysis of the fucosyl fluoride at elevated temperatures ( Table 1 ). The catalytic activity (k cat ) of the His 6 -wild-type enzyme with this substrate was similar to that observed for pNP-fucoside, however no inhibition was observed at higher substrate concentrations. The higher K M observed for fucosyl fluoride is most reasonably rationalized by the absence of an aglycone able to contribute binding interactions in the +1 subsite. That a significantly increased rate was not observed upon replacement of the aglycone with a considerably superior leaving group is highly indicative of a deglycosylation rate limiting step for both of these substrates (pK a pNP = 7.2, pK a fluoride = 3.
2). To demonstrate that deglycosylation is in fact the rate-determining step for these substrates a nucleophilic competition experiment was performed. The addition of an uncharged exogenous nucleophile to the reaction mixture would not be expected to have any effect upon the rate of the first step of enzyme catalysis (glycosylation). Therefore, were this to be the rate determining step, no increase in steady state rate would be expected. However, the rate of deglycosylation may be Deglycosylation is therefore at least partially rate limiting for both of these substrates. comparison, the wild-type α-L-fucosidase was also prepared as an MBP-fusion construct and its kinetic parameters with the two substrates determined (Table 1) . When compared to the His 6 -wild-type enzyme, the MBP-wild-type fusion protein was found to have a slightly higher k cat (approximately 2.6 times greater) against both substrates, with the K M remaining similar. This difference in k cat is difficult to account for, but does not affect the conclusions of this work. Early studies revealed that the MBP form of the protein was less stable, thus assays with pNP-fucoside were performed at a reduced temperature of 37
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°C.
The Asp224Ala mutant was tested for catalytic activity using both pNP-fucoside and fucosyl fluoride substrates, as shown in Table 1 . This mutant enzyme showed a greatly reduced activity with pNP-fucoside as a substrate compared to wild-type enzyme. No saturation was observed at 1 mM substrate concentrations therefore only a value of k cat /K M could be extracted. Higher substrate concentrations could not be investigated due to the limited solubility of pNP-fucoside. The 10 4 fold decrease in k cat /K M observed in this study is substantial, but less than that typically found with nucleophile mutants of β-retaining glycosidases, where a 10 5 -10 8 fold decrease is more common (33) (34) (35) . It is however, more similar to the 2.3 x 10 4 decrease observed for the nucleophile mutant of another α-glucosidase; Bacillus circulans cyclodextrin glycosyl transferase (36) . The residual catalytic activity of this mutant is unlikely to arise from wild-type contamination since in that case a dependence on substrate concentration with a similar K M to that of the wild-type enzyme would be expected. Unfortunately, when this mutant was assayed with fucosyl fluoride, due to the low sensitivity of the fluoride electrode assay and the relatively higher spontaneous hydrolysis rate, no activity of this enzyme above background hydrolysis could be detected using fucosyl fluoride as a substrate (<0.01 s -1 at 500 µM fucosyl fluoride). The very low hydrolytic activity observed with this mutant enzyme is entirely consistent with the proposed role of this mutated residue as catalytic nucleophile.
Chemical Rescue of Asp224Ala with pNP-fucoside as Substrate. Further investigation of this mutant was performed to see if catalytic activity could be restored by the addition of exogenous nucleophiles. It is well documented that the mutation to alanine of catalytic residues in glycosidase active sites creates cavities in which small anions can bind (37) .
In some cases these anions can then restore function to the mutated enzyme by acting in place of the missing residue. In the case of β-retaining glycosidases the return of activity can approach wild type levels (34, 38) . The effect on α-retaining glycosidases on the other hand is often more modest with a 2 -10 fold increase being more common (39). Azide and formate were investigated for their ability to restore function to this mutant using pNP-fucoside as a substrate. The addition of even a small concentration of azide (0-30 mM) was sufficient to increase the rate of substrate cleavage by up to 10 fold ( Figure 7 ).
The rate increase was seen to be dependent on azide concentration up to 30 mM, whereupon saturation was observed and no further rate increase observed. Similar data were also obtained with formate, a 5-fold rate increase being observed in this case The lines represent the best fit of the data to the double titration model in Grafit 4.0; )
. All reactions were performed at 60 °C with pNP-fucoside as substrate.
The enzyme was too unstable at pH values of less than 3.5 for any kinetic parameters to be determined. 
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